Estimation of Center of Gravity Position for Distributed Driving Electric Vehicles Based on Combined H∞-EKF Method  by Lin, Cheng et al.
1876-6102 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of CUE 2015
doi: 10.1016/j.egypro.2016.06.121 
 Energy Procedia  88 ( 2016 )  970 – 977 
ScienceDirect
CUE2015-Applied Energy Symposium and Summit 2015: Low carbon cities and urban 
energy systems 
Estimation of Center of Gravity Position for Distributed 
Driving Electric Vehicles Based on Combined HĞ-EKF 
Method 
Cheng Lina,b, Xingqun Chenga,b,*, Hong Zhangc, Xinle Gonga,b 
aNational Engineering Laboratory for Electric Vehicle, School of Mechanical Engineering, Beijing Institute of Technology, Beijing 
100081, China 
bCollaborative Innovation Center of Electric Vehicles in Beijing, Beijing Institute of Technology, Beijing 100081, China 
c School of Mechanical Engineering, Beijing Institute of Technology, Beijing 100081, China 
Abstract 
It is essential to get the accurate knowledge of the center of gravity (CG) for the vehicle dynamics control systems, 
especially for distributed driving electric vehicles (DDEV), whose CG positions can be affected by the loading 
conditions. This paper focuses on a CG position estimator for a DDEV based on the combined HĞüextended 
Kalman filter (HĞüEKF) approach. The designed estimator consists of two parts: an HĞ estimator is used for 
filtering noisy states and an EKF is employed for estimating parameters. The HĞ filter minimizes the effects of 
undesirable noise in the filtered states with the disturbances whose statistics are unknown. Meanwhile, the EKF uses 
the filtered states from the HĞ filter and takes the parameters as random walks. Simulation results show that the 
proposed filter is capable of estimating the CG longitudinal location and the CG height with acceptable accuracy. 
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Nomenclature 
 
m                 Vehicle mass  
h                 Centre of gravity (CG) height 
l                  Vehicle wheel base 
r
l                 Longitudinal distance between the rear-axle and the CG 
O                 = lr/l 
ziF               Lumped two tires normal forces 
iT                 Lumped two motors torque 
iZ                Wheel angular speed 
I                Moment of inertia of lumped two wheels 
E                Identity matrix  
1. Introduction 
To capture the accurate knowledge of vehicle parameters is essential for the vehicle dynamics control 
systems [1]. The fact that the vehicle parameters can be affected by the loading conditions needs reliable 
and precise vehicle parameter estimation methods [2,3]. The center of gravity (CG) longitudinal location 
and CG height hold an important status among all the vehicle parameters, which play a vital role in 
determining the rotational inertia for vehicle yaw dynamics and in calculating dynamic tire vertical load 
transfer.  
The estimation of the vehicle parameters containing CG information is one of the research focuses 
currently, which attracts lots of scholar’s attention. Huang et al. [4] estimated the CG location for 
Lightweight vehicles based on combined AKF—EKF method, which proposed a double layer estimation 
architecture. Wenzel et al. [5] employed dual extended Kalman filter to estimate the vehicle states and 
parameters. Huang et al. [6] estimated the relative CG height by minimizing the EKF state prediction 
error. Huang and Wang [7] proposed a Kalman filter to estimate the CG height by utilizing the correlation 
between the tire vertical load transfer and the tire variation.  
All the aforementioned approaches require the statistical nature of the noise processes that impinge on 
the vehicle dynamics process, which are difficult to obtain. This paper presented a CG position estimator 
which combined HĞ  filter and extended Kalman filter. The approach can minimize the worst-case 
estimation errors without any information about the noise statistics. The CG position estimation method 
presented in this paper also takes full advantage that the torque and the speed of the motors equipped by 
the electric vehicle can be obtained real timely, and the algorithm only requires longitudinal and vertical 
excitations of the vehicle motions, which are convenient and desirable for the electric vehicle. 
2. Vehicle Dynamics Model 
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2.1.  3 –DOF vehicle dynamics model 
This paper adopted a 3-DOF vehicle dynamics model, which consists of the longitudinal velocity and 
the front (rear) wheel angular speed. 
Suppose that the road grade angle is zero and assume all four tire/wheel sets are identical, so the left 
and right wheels are lumped together. 
According to the vehicle dynamic, if the rolling resistance force is ignored, the model can be described 
as follows: 
 
 x xmv F                                                                                                                                                 (1) 
i i i xiI T r FZ                                                                                                                                            (2) 
Herein, subscripts i =1, 2 represents front-wheel and rear-wheel respectively; T is the torque of the two 
wheels, which can be independently controlled on a distributed driving electric vehicle; r is the radius of 
the tire efficient radius and I is the moment of inertia of lumped two wheels. 
The total longitudinal force can be described as: 
1 2x x xF F F                                                                                                                                           (3) 
A simple linear tire model is adopted to calculate the longitudinal forces [1]: 
xi i ziF ks F                                                                                                                                               (4) 
Where the longitudinal slip ratio is defined as: 
max( , )
i i x
i
i i x
r v
s
r v
Z
Z
                                                                                                                                    (5) 
Coefficient k is mainly determined by the tire physical properties and the tire-road contact condition, 
and it is treated as an unknown parameter that is estimated together with the CG location. 
2.2. Tire vertical forces 
The front and rear vertical tire forces of the vehicle can be calculated as: 
1z x
mF mg a h
l
O                                                                                                                                                  (6) 
2 (1 )z x
mF mg a h
l
O                                                                                                                                          (7) 
Herein, 
r
l
l
O                                                                                                                                                        (8) 
Where l is the vehicle wheel base; lr is the longitudinal distance between the rear-axle and the CG; h is 
the CG height. 
3. Vehicle CG Position Estimation 
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The vehicle dynamics model can be reorganized in the form of a nonlinear discrete system as follows: 
1 k( , , )
s s p
k k k k
s
k k k
x F x x u w
z x v
­  ®  ¯                                                                                                                       (9) 
Where k denotes the current step; uk and zk represent the system input and measured output, respectively; 
xk
s is the original system states [vx,ω1, ω2]T; xkp denotes the parameters [h, λ, k]T; wk and vk are the process 
noise and measurement noise. 
In order to calculate the tire forces, the slip ratio has to be computed precisely, thus need the exact 
observation of the vehicle and wheel speeds from their noisy measurements whose covariance matrix is 
usually hard to obtain. 
In this paper, the state estimation and parameter estimation are separated and become two layers 
estimation architecture. The combined H∞—EKF scheme and data flow are show in Fig.1. 
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Figure. 1. HĞüEKF scheme 
3.1. HĞ state filter 
Since each of the system states can be directly measured by sensors, the equations for each state can be 
described as 
1
s s s
k k k
s s
k k k
s
k k
x x w
z x v
y x
­  °  ®°  ¯
                                                                                                                                      (10) 
Then, an HĞ state filter for (10) is executed as follows: 
1
1 1 1
1
1 1 1 1
1
1 1 1
ˆ ˆ ˆ(z )
( )
( )
k
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                                                                                          (11) 
Where E is an identity matrix and  θ <1. 
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In order to reveal the difference between the HĞ filter and the KF method, rewrite KF equations for 
identical deformation as follow: 
ˆ ˆ ˆs s s sk k -1 k -1 k k -1
s s s-1 s -1 s-1
k -1 k -1 k k -1 k
s s s-1 s -1 s
k k -1 k k -1 k
x = x + K (z - x )
K = P (E + R P ) R
P = P (E + R P ) +Q
­°®°¯
                                                                                                             (12) 
Note that the HĞ filter of the equation (11) is identical to the KF except for subtraction of the term 
θSkPsk-1 in the equation (12). From Eq. (11) we can see that subtracting θSkPsk-1 on the right side of the Psk 
equation tends to make Psk larger. Similarly, subtracting θSkPsk-1 on the right side of the Ksk-1 equation 
also tends to make Ksk-1 larger, which increases the weight of measurement. Comparing with KF, the HĞ 
filter is a robust version of the KF. It adds the tolerance to the noise and the dynamics which do not model. 
The simulation results for the performance comparison of two algorithms were shown in Fig.2. Plot (a) 
shows the filtered wheel speeds using the two filters and the actual state, and the corresponding filtering 
errors are given in plot (b). As can be clearly observed, the proposed HĞ filter exhibits much smaller 
oscillation and bias than the KF. 
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Figure. 2.  (a) Filtered front wheel speed (b) Filtering error 
3.2. EKF parameter estimation 
Three one dimension H∞ state filters are implemented simultaneously to obtain the estimations for the 
states ˆ sx =[vx,ω1, ω2]T. A 3-D EKF is then used for estimation of ˆ px =[h, λ, k]T by using the estimated 
states. The dynamic equations are  
1
1 ( , )
p p p
k k k
s s p p
k k k k
x x w
x F x x v


­  ®  ¯                                                                                                                              (13) 
The discrete-time EKF is implemented as follows: 
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Where the Jacobian matrix is calculated by 
/ 1
1
ˆ
ˆ( , )
| pp
k k
s p T
k
k p x x
F x xJ
x 

 
w w                                                                                                                     (15) 
4. Results and Discussion 
The combined HĞüEKF algorithm was tested in a flat road with a distributed driving electric vehicle. 
The results are shown in Fig3 and Fig4. 
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Fig.3. HĞ performance. (a) Filtered front-wheel speed. (b) Longitudinal acceleration 
 
(a) 
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(b) 
 
Figure. 4. Estimation results on a flat ground  (a) CG height  (b) CG longitudinal location λ=lr/l 
Fig.3 shows the performance of the proposed H∞ filter. As can be observed form (a) plot, the noisy 
wheel speed signal was well observed by removing the noise terms whose noise statistics we did not have 
any information about. From (b) plot we can see that the maximum acceleration reached nearly 3m/s2, 
which can provide enough excitation for the estimation of CG position. 
Fig.4 displays the parameter estimation results. As shown, both the CG height and the CG longitudinal 
location began converging to their true values at the 1.6s, and the CG height and the CG longitudinal 
location movement are consistent with the trend of the acceleration, i.e., they accord with the ax shown in 
Fig.3 (b) plot. The overall estimation error of the CG height is around 5% of the true value, and that of the 
CG longitudinal location is about 10%. 
 
5. Conclusions 
1) A vehicle CG position estimation approach for distributed driving electric vehicles based on a 
combined H∞üEKF has been put forward and verified. 
2) The method firstly employs the HĞ filter to estimate the states [vx,ω1, ω2]T, and it can remove the 
measurement noise without knowing the noise statistics. 
3) Base on the states estimation, this approach utilizes EKF to estimate parameter[h, λ, k]T, and the 
overall estimation error of the CG height is around 5% of the true value, and that of the CG longitudinal 
location is about 10%, which is acceptable. 
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